A centrifugal method for extracting apoplastic sap from roots of lupin (Lupinus angustifolius) and pea (Pisum sativum) plants, and a method to analyse malic dehydrogenase in the sap using capillary electrophoresis, are described. Osmolality of apoplastic sap was relatively constant at relative centrifugal forces (RCFs) between 600 and 3000 g for lupin, and between 600 and 4000 g for pea. Electropherograms of a marker enzyme (malic dehydrogenase) and other components in apoplastic and symplastic saps revealed that contamination occurred at 7000 g. It is suggested that apoplastic sap expelled from plant roots at RCF between 600 and 3000 g is free from symplastic contamination, and is regarded as being of apoplastic origin. The proposed method was used to measure apoplastic pH changes in the plant roots in response to external pH, ammonium, nitrate and vanadate.

The apoplast of plant cells is being given increasing attention because of its importance in ion uptake, solute transport and storage, signal transmission and defence reactions against pathogens (Grignon & Sentenac, 1991 ; Sattelmacher et al., 1998) . A major factor limiting our knowledge of the events taking place in the apoplastic compartment is the lack of convincing approaches. Several methods have been developed to obtain apoplastic sap for the study of its ionic relations, including application of pressure, perfusion, and infiltration and\or centrifugation. Using the pressure method, the volume obtained is often too small for routine analysis. Although the perfusion and infiltration and\or centrifugation methods can yield enough volume, there is a risk of alteration of apoplastic ion conditions by infiltration with buffers, or distilled water (Dannel et al., 1995) . Microelectrodes have been used to determine ion concentrations in the apoplast of plant cells, but making suitable electrodes is time-consuming and requires experience. In addition, fluorescent dyes in *Author for correspondence (fax 61 8 9380 1140 ; e-mail cxtang!cyllene.uwa.edu.au).
conjunction with light or confocal laser scanning microscopy have recently been used to study dynamics of ions in the apoplast (Hoffmann et al., 1992 ; Mu$ hling & Sattelmacher, 1995 ; Taylor et al., 1996) , but both the dyes and equipment are expensive. Moreover, the methods already mentioned have been applied largely to the apoplast of plant leaves. Methods available for studying ionic relations in the apoplast of plant roots are scarce. Marschner et al. (1982) measured pH changes along sunflower roots in response to nutrient deficiency and nitrogen supply by embedding the roots in agar containing a pH indicator. Effects of H + excretion on the surface pH of corn root cells were evaluated by the weak acid influx method (Sentenac & Grignon, 1987) . Taylor et al. (1996) detected apoplastic pH changes in situ in corn roots upon gravistimulation by means of confocal laser scanning microscopy.
Root elongation rate of Lupinus angustifolius was nearly 50 % lower at pH 6.0 than at pH 5.5 with an optimum between 5.0 and 5.5. By contrast, root elongation of Pisum sativum was unaffected by pH in the range 4.5-8.0 (Tang et al., 1992) . Neither H + extrusion nor membrane permeability in L. angustifolius were altered by high pH (Tang et al., 1996) .
Knowledge of cell wall pH, buffering capacity and ion concentrations of the root apoplast may help to elucidate mechanisms underlying species and genotypic variation in pH sensitivity. The present study aimed to develop a simple and reliable method for obtaining apoplastic sap from lupin and pea roots for multiple analyses, and to measure apoplastic pH in response to external pH and treatments known to cause apoplastic pH shift (ammonium, nitrate or vanadate).
  

Plant material and treatments
Seeds of narrow-leaved lupin (Lupinus angustifolius L. cv. Gungurru) and pea (Pisum sativum L. cv. Dundale) were imbibed in aerated distilled water for 24 h and germinated for 5 d at 19-20mC in darkness until tap roots were c. 5 cm and 4 cm in length for lupin and pea, respectively. The basic nutrient solution in which the seeds were germinating contained : 1000 µM K # SO % , 1000 µM CaCl # and 2 µM H $ BO $ . For nitrate, ammonium and vanadate treatments, 5 mM Ca(NO $ ) # , 5 mM (NH % ) # SO % or 0.5 mM NaVO $ was added to the basic nutrient solution. The pH of both basic and treatment solutions was buffered with a mixture of 1 mM MES (2-(N-morpholino)ethanesulphonic acid) and 1 mM TES (N-tri(hydroxymethyl)methyl-2-aminoethanesulphonic acid) and adjusted to pH 5.5 or 7.5 with 0.1 M NaOH. After 5 d of germination in the basic nutrient solution, plant seedlings were grown in treatment solutions for 2-24 h.
Extraction of apoplastic and symplastic sap
Tap roots of lupin and pea seedlings grown in basic nutrient solution were harvested at day 5 and 2-cm root tips were excised. The cut ends were washed in distilled water and blotted dry. About 30 root tips (60 tips for pea) were arranged in a 10-ml pipette tip with the cut ends facing down (Fig. 1) , and centrifuged at relative centrifugal force (RCF) from 600 to 7000 g at 4mC for 15 min. Corresponding fractions were collected by a capillary and apoplastic sap expelled from the same RCFs was pooled from 8 to 16 replicates to produce a reasonable volume for analysis. After centrifugation, root segments were frozen at k20mC for 24 h and then thawed at room temperature. Symplastic sap was prepared from frozen-thawed tissues by centrifugation at 2000 g at 4mC for 15 min. The sap was immediately used for the measurements of osmolality and pH, or stored at k20mC for enzyme analysis.
Osmolality and pH measurements
The osmolality of the fractions collected and pooled under each centrifugal force was determined with a Fiske vapour-pressure osmometer (Fiske, Norwood, MA, USA), and the pH was estimated by a sensitive pH paper with 0.2-0.3 unit intervals (MERCK, Germany)
Analyses of malic dehydrogenase and other components
Malic dehydrogenase (MDH) protein and other components in each fraction of apoplastic sap from lupin and pea tap roots were analysed against those in symplastic sap using capillary electrophoresis (CE).
Reagent. The malic dehydrogenase standard used in the study was purchased from Sigma (St. Louis, MO, USA). Protein size-standard solution and chemicals for CE (i.e. SDS protein sample buffer, run buffer, and internal reference(benzoic acid)) were obtained from Bio-Rad (Hercules, CA, USA).
Capillary gel electrophoresis. A 0.2-ml sample mixture, which contained 10 µl internal reference, 100 µl CE-SDS protein sample buffer and either 25 µl MDH standard or 50 µl apoplastic or symplastic sap, or 10 µl protein size standard solution as well as an appropriate aliquot of Milli-Q water, was incubated in a water bath at 95-100mC for 10 min, followed by cooling and microcentrifugation for 2 min, and was used for CE analysis.
Molecular weight and concentration of MDH was determined by CE (Bio-Rad 3000 system). The protein separation was run in an uncoated fusedcapillary (50 µm internal diameter, 24 cm long). Electrophoresis was conducted at 25mC and 15 kV. The UV detector was set at 200 nm. The sample mixture was injected at 10 kV for 5 s and separation was carried out in CE-SDS protein-run buffer.
Between successive electrophoretic runs, the capillary was rinsed sequentially with 0.1 N NaOH (90 s), 0.1 N HCl (60 s) and CE-SDS protein run buffer (120 s).
  
Validation of the centrifugal method
Measurement of osmolality. The major sources of contamination for apoplastic sap expelled by the centrifugal method could have resulted from : injured cells at cut ends, dilution by plasma-membranefiltered sap, and ruptured cells unable to withstand higher centrifugal forces. In order to check the possible alterations of apoplastic sap expelled under each centrifugal force, the osmolality of each fraction was determined (Fig. 2a,b) . Owing to the very small dimensions of the apoplast in plant cells a small change in its components can cause significant changes in osmotic potential. The results showed that the osmolality of apoplastic sap was relatively constant at RCFs of 600-3000 g (4000 g for pea). However, the sap collected at RCF 3000 or 4000 g, for lupin and pea respectively, showed an obvious decrease in osmolality. Similar observations was obtained using seed coats and cotyledons of Phaseolus vulgaris (Zhang et al., 1996) . These results were also in agreement with the findings of Jacketta et al., (1986) that the apoplastic sap from sunflower leaves expelled at higher pressures had a lower solute concentration than those obtained at lower pressures. In this study, the substantial decrease in osmolality of apoplastic sap obtained at higher RCFs was probably due to the dilution by plasmalemmamembrane filtered water from the cytosol.
It was unlikely that the low osmolality in the sap obtained at RCF 3000 or 4000 g (for lupin and pea, respectively) resulted from the dilution of tightly bound water in the cell wall. Because the volume of such water could only account for a very small fraction of total water in the wall, it must contribute little to a considerable increase in volume of expelled sap at RCF 4000 g (Fig. 3) .
Based on the osmolality measurement of apoplastic sap expelled under each RCF applied, we believed the sap resulting from RCFs of 3000 g in lupin and 4000 g in pea was of apoplastic origin. The osmolality in the fraction collected at 600 g was relatively lower than other fractions. This might be attributed to the dilution of the water on the root surface which was left by the washing step and was not completely removed by blotting. Therefore, the volume yield at this stage was variable depending on the extent to which the tissue was blotted dry (Fig. 3) . Because the sap from injured cells is easily removed at lower RCF, we suggest that the fraction collected at lower RCF be discarded as an alternative to the washing step. 
Analysis of malic dehydrogenase by capillary electrophoresis.
CE is a newly emerged technique for separation and quantification of a variety of proteins and enzymes (Karger, 1992 ; Lookhart & Bean, 1995) . Compared with polyacrylamide gel electrophoresis and colorimetric methods for analysing MDH in the extract of plant tissues, CE offers great advantages such as high separation efficiency, improved detection limit and high speed. In addition to the target enzyme proteins, differences in other components between symplastic and apoplastic sap can also be revealed.
MDH was reported to occur mostly in the form of a dimer and its presence depends on species, cultivars or tissues (Taureilles et al., 1995) In the present study, standard MDH protein was resolved at a migration time of 7.22 min (Fig. 4a) . The subunit molecular weight was estimated to be c. 46 kDa which is within the reported range (Minard & McAlister, 1991 ; Taureilles et al., 1995) . The detection limit was 0.05 mg protein ml −" . Symplastic MDH isoforms in lupin roots were resolved at migration times c. 7.16-7.20 min (Fig. 4b) . MDH protein in expelled apoplastic sap from lupin root was not detectable in fractions collected at RCFs of 1000-6000 g (data not shown). By contrast, a trace absorbance peak of MDH appeared in the fraction of 600 g (Fig. 4c) and a resolvable peak displayed in the 
Each datum point represents meanspSE of indicated replicates collected at relative centrifugal forces from 600 to 3000 g. Each replicate was the average of four measurements. The apoplastic pH was estimated by a sensitive pH paper with 0n2-0n3 unit interval. Solution pH of NH % + , NO $ − and VO $ − was 5.5.
fraction of 7000 g (Fig. 4d) . The contamination accounted for 18 % of the symplastic MDH protein in the sap collected at 7000 g. The presence of MDH activity in cell walls remains controversial. For example, cell wall MDH activity has been reported in horseradish (Gross, 1977) , bean roots (Cakmak et al., 1987) and leaves of barley and oats (Li et al., 1989) but not in purified cell wall from corn roots (Nagahashi et al., 1985) . Our results clearly showed that there was no MDH protein present in the apoplast of lupin tap roots. The trace amount of MDH protein present in the 600 g fraction probably resulted from the minor contamination by injured cells at the cut ends, while its presence in the 7000 g fraction could be the contribution from ruptured cells incapable of withstanding higher centrifugal forces.
Other studies have demonstrated that centrifugal force at 4500 g did not significantly increase the activity of MDH in the apoplastic fluid of sunflower leaves (Dannel et al., 1995) , and that marked rupturing of cells during centrifugation of pea epicotyl sections did not occur at centrifugal forces 5000 g. In the present study, osmolality of apoplastic sap obtained at 7000 g slightly increased compared with 6000 g (Fig. 2a,b) , which also suggest that small amounts of cellular substances were leaking out.
In the present study, MDH protein was not detectable in symplasmic sap of pea roots, probably because of degradation of the protein by proteinases of relatively high activity present in the sap. The absence of MDH protein from symplastic sap of pea roots made it difficult to assess the contamination of apoplastic sap. Nevertheless, a conclusion can still be drawn by comparing the electropherograms between symplastic and apoplastic samples. Absorbance peaks that appeared just behind benzoic acid with migration times 5 min in the electropherogram of symplastic sap (Fig. 4e , peaks 1-5) were considered to be polyphenols (Gaspar et al., 1997) ; these peaks were absent in the electropherograms of all fractions collected at RCF 600-7000 g (Fig. 4f,g ). These results indicate that the sap obtained at RCFs of 600-7000 g was different in its composition from the symplastic sap.
Taking account of both osmolality measurements and MDH-CE analysis, we concluded that the sap, expelled at RCFs 3000 g and 4000 g for lupin tap roots and pea, respectively, was representative of the composition of apoplastic sap. Contamination by injured cells from cut ends can be minimized by washing or, more efficiently, by discarding the sap collected at lower RCF (600 g). It is worth noting that the apoplastic sap obtained by the centrifugal method represented a pooled average of apoplastic contents and might include a portion of xylem sap.
Effects of nitrogen supply, vanadate and external pH on apoplastic pH
It is known that apoplastic pH is influenced by the form of nitrogen supply ; NO $ − nutrition leading to an alkalization, and NH % + to an acidification (Hoffman et al., 1992 ; Kosegarten & Englisch, 1994 ; Dannel et al., 1995 ; Sattelmacher et al., 1998) . Vanadate (V) can prevent apoplastic pH shift because its capacity to inhibit the H + -pump ATPase of the plasma membrane (Sentenac & Grignon, 1987) . We further validated the described method by imposing NO $ − , NH % + or VO $ − treatments. In addition, our previous work revealed a difference in root elongation between lupin and pea in response to external pH (Tang et al., 1992) . Among other factors, cell wall pH is probably responsible for the growth difference. The proposed method was therefore used to compare the effects of external pH on apoplastic pH of lupin and pea roots.
When grown in nutrient solution buffered at pH 5.5, tap roots had an apoplastic pH of 5.9p0.04 and 5.8p0.04 in lupin and pea, respectively (Table 1) . When grown in buffered solution of pH 7.5 for 2-24 h, the apoplastic pH of both lupin and pea tap roots increased by c. 0.3 units. After 4 h treatment in NH % + solution, apoplastic pH of both lupin and pea roots decreased by 0.3 units. A 4 h treatment with VO $ − caused a 0.2 units increase in root apoplastic pH of both lupin and pea. Apoplastic pH of lupin roots was unaffected by NO $ − treatment whereas that of pea increased by 0.3 units. Lupin releases organic anions rather than OH − when taking up NO $ − (Loss et al., 1994) ; this might explain the unchanged apoplastic pH in response to NO $ − in lupin roots, organic anions having little effect on pH.
These results further confirmed that the proposed method for the extraction of apoplastic sap has validity, and also demonstrated that there were differences in root apoplastic pH and its response to nitrogen supply between lupin and pea.
In conclusion, based on osmolality measurements and analysis of MDH and other components using CE, we demonstrated that centrifugation at RCFs between 600 and 3000 g for lupin and between 600 and 4000 g for pea was suitable for collecting apoplastic sap from the roots. The described method was used to examine the effects of external pH, forms of nitrogen supply and vanadate on apoplastic pH. Because the methods for investigating apoplastic events (especially H + concentration) in plant roots has been far from adequate, the proposed method will contribute to research where ionic relations in the apoplast of plant roots are being explored.
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